Abstract Ocean colour-based monitoring of water masses is a promising alternative to monitoring concentrations in heterogeneous coastal seas. Fuzzy methods, such as spectral unmixing, are especially well suited for recognition of water masses from their remote sensing reflectances. However, such models have not yet been applied for water classification and monitoring. In this study, a fully constrained endmember model with simulated endmembers was developed for water class identification in the shallow Wadden Sea and adjacent German Bight. Its performance was examined on in situ measured reflectances and on MERIS satellite data. Water classification by means of unmixing reflectance spectra proved to be successful. When the endmember model was applied to MERIS data, it was able to visualise well-known spatial, tidal, seasonal, and wind-related variations in optical properties in the heterogeneous Wadden Sea. Analyses show that the method is insensitive to small changes in endmembers. Therefore, it can be applied in similar coastal areas. For use in open ocean situations or coastal or inland waters with other specific inherent optical properties, re-simulation of the endmember spectra with local optical properties is required. However, such an adaptation requires only a limited number of local in situ measurements.
Introduction
Coastal waters are often very heterogeneous in composition due to river discharge, land runoff, oceanic influence, and human activities. Due to high concentrations of sediment in these waters, precise retrieval of concentrations of chlorophyll a (Chl a), suspended particulate matter (SPM) and coloured dissolved organic matter (CDOM) from remote sensing data can be problematic. As an alternative for retrieval and monitoring based on concentrations, this study presents a simple method for the mapping of water masses. Tomczak (1999) defines a water mass as: 'a body of water with a common formation history, having its origin in a particular region of the ocean'. This water mass formation 'can be seasonal or intermittent in time' (Tomczak 1999) . When monitoring water masses it is important to consider that some properties, such as salinity, are conservative. These properties are stable in time and changes of their values can only be attributed to mixing (Tomczak 1999) . Non-conservative properties change over time due to, for example, biodegradation, resuspension or settling. In papers on optical water mass monitoring (e.g. Oliver and Irwin 2008; Van der Woerd et al. 2004) , the definition of a water mass differs depending on the method used. The main difference in definitions can be found in the handling of non-conservative properties.
In this study, waters with similar colours (read: 'similar reflectance spectra'), expressed by similar total absorption and scattering properties (the inherent optical properties or IOPs) are assigned to the same water 'class'. In these waters, the specific inherent optical properties (SIOPs) might still be different and therefore also the concentrations of Chl a, SPM and CDOM do not have to be similar within one water class. In this study, waters with similar SIOPs are assigned the same water 'type', even when the present concentrations (and thereby reflectances) change.
Both water classes and water types can show large variability in time and space (e.g. Blondeau-Patissier et al. 2004; Doxaran et al. 2005 Doxaran et al. , 2006 and have been used successfully for water mass identification. Water types were identified with an inverse bio-optical model called HYDROPT by Van der Woerd et al. (2004) . Inverse biooptical models were also used to define water classes, as in Hoge and Lyon (2005) and Schofield et al. (2004) . However, for water classification, clustering is a more general technique. Various components, such as Chl a concentration, reflectances and Secchi depths can be used as clustering properties (e.g. Reinart et al. 2003) . Clustering based on reflectance spectra, combined with salinity or temperature, has led to good classification results in various oceanic areas. For example Oliver and Irwin (2008) were able to monitor the effect of El Niño events, and Lubac and Loisel (2007) could determine the presence of Phaeocystis globosa based on spectral shapes. Improvements of the clustering technique were studied by Oliver et al. (2004) . Combining two theories, Feng et al. (2005) created a clustering technique to determine three water classes. In the next step, they assumed the water types in these water classes to be different. Then, they derived concentrations with three separately calibrated biooptical models. Indeed, their retrieval of concentrations improved compared with the original bio-optical model. A more sophisticated version of this method was already proposed earlier by Moore et al. (2001) , who used unconstrained unmixing to determine water classes and subsequently derive concentrations with algorithms calibrated for the various water classes. This suggests that water types (SIOPs) can vary with water classes (based on IOPs).
Another important point on water mass identification is the distinction between hard classification, in which a pixel is classified as belonging to one or another water mass, and fuzzy classifications, in which boundaries are gradual and pixels can be classified as a mixture of water masses. Water is subject to local mixing and non-conservative properties gradually disappear or reappear in water masses. Therefore, fuzzy methods are better suited for water mass monitoring (Moore et al. 2009 ). Most classifications based on clustering and inverse bio-optical models give hard classifications. Only Oliver et al. (2004) pay attention to the boundaries between clusters in their model.
Endmember models definition by lead to fuzzy classifications. These models are based on spectral shapes: the model unmixes a given pixel in percentages, or abundances, of given endmembers and are therefore also referred to as unmixing techniques. Unmixing is widely used in land remote sensing (e.g. Zurita-Milla 2008, Asner and Heidebrecht 2002) and for tidal flat identification (e.g. Doerffer and Murphy 1989) . However, only a few studies are available that applies unmixing to water reflectances (Moore et al. 2001; Tyler et al. 2005; Jianguang et al. 2007; Moore et al. 2009 ). Moore et al. (2001) base their approach on the fuzzy property of endmember models to blend algorithms and retrieve concentration maps without discontinuities. This approach still requires algorithms to be calibrated with the appropriate local SIOPs for monitoring concentrations. To avoid this problem, our approach is to monitor (IOP based) water 'classes' instead of (SIOP based) water 'types' and related concentrations. This requires a fully constrained endmember model, as the total of water masses should be positive and sum to 100%. Only Jianguang et al. (2007) and Moore et al. (2009) have successfully applied this type of model to reflectances of water. Jianguang et al. (2007) normalised or differentiated the spectrum before unmixing and used the derived abundances to calculate the concentration of Chl a. However, due to spectral calculations the model loses its sensitivity to monitor water classes influenced by SPM. Moore et al. (2009) presented promising primarily global results. Studies in which an endmember model is used for monitoring (e.g. comparing images of various days) of water classes are not known to the authors.
The objective of this study was to develop an endmember model for water classification and to examine its ability for monitoring water classes in the heterogeneous Wadden Sea based on MEdium Resolution Imaging Spectrometer (MERIS) satellite data. Monitoring requires an objective and standardised technique, which allows comparison of data of one place or moment to that of next day, or to that of another situation.
Material and methods

In situ and MERIS data
Reflectance spectra from in situ measurements and from MERIS data were used as model input. In situ remote sensing reflectance (Rrs) was derived from two radiance and one irradiance sensors (TriOS, RAMSES (Heuermann et al. 1999) ), according to the Ocean Optics protocols (Mueller et al. 2003) . Measurements were carried out in March, May, June, July, August and September 2006 (120 stations) and in May 2007 (37 stations) (Hommersom et al. 2009 ). At four stations negative reflectance was calculated at the blue bands and four stations the reflectance varied much over the series of measurements. The remaining 132 reflectance spectra were sub-sampled at MERIS bands and used as model input. Simultaneously with the reflectance measurements, water samples were obtained to determine the concentrations of Chl a, SPM, and the absorption by CDOM, of which the sampling and analysis details can be found in Hommersom et al. (2009) .
Meteorological data at the day of data acquisition (wind speed and wind direction at the weather station at Lauwersoog (53.24°N, 6.2°E)) were extracted from the Royal Netherlands Meteorological Institute's database (www.knmi.nl/klimatologie/daggegevens/download.html).
MERIS full resolution (FR) data were obtained and processed to reflectance at sea level with the 'Improved Contrast between Ocean and Land' (ICOL) (Santer and Zagolski 2009 ) and the Case-2 Regional processor (C2R) Schiller 2006a, 2006b ). MERIS images with low cloud cover over the Wadden Sea were selected from the years 2006 and 2007. Specific information on MERIS data are given in Appendix 1.
Endmember model
An endmember model was created to determine the subpixel percentages coverage (abundance) of water classes. The model is formulated as Eq. 1. The observed (TriOS or MERIS) reflectances (Rrs) are used as input. R 1 to R n are the pre-defined endmember spectra, the spectral shapes of the water classes. Coefficients c 1 -c n are the abundances that will be determined in the unmixing process. Rrs and R 1 -R n are a function of wavelength (λ), but λ was excluded in the equations for readability.
In order to come to a realistic solution, it is necessary to use a fully constrained method, in which the abundances are non-negative (Eq. 2) and the sum of the abundances is one (Eq. 3). 
Thus, the model reflects the physical interpretation that a pixel should contain at least one water class and abundances sum to 100% (Appendix 2).
The spectral fit between the measured and the modelled spectrum is calculated as the root mean squared error (RMSE), according to Eq. 4. The RMSE is calculated as the difference between the modelled and the measured reflectance spectrum over the nine (m=1-9) MERIS wavelength bands. The RMSE was used to flag pixels for which the unmixing process failed (arbitrarily set to RMSE≥0.01).
Endmember generation
There are several strategies towards endmember identification (Appendix 3). One strategy would be to collect endmember spectra from the dataset of observations (either in situ or satellite images). However, not all extremes in water classes were captured during the in situ campaigns, while selecting endmembers from MERIS data (representing the extremes for the whole Wadden Sea area over all seasons) would require extensive data-processing or non-objective selection. Therefore, endmembers were simulated based on prior knowledge of the optical properties in the Wadden Sea (Hommersom et al., 2009 ). The endmember spectra were simulated with the Gordon (Gordon et al. 1975; Jerlov 1976 ) model (Eq. 5) in combination with equations relating the IOPs to SIOPs and the concentrations of SPM ([SPM]), Chl ( [Chl] ) and the absorption of CDOM at 440 nm (aCDOM). Some background on endmember selection is given in Appendix 2; the Gordon model and equations are explained in Appendix 3. Endmembers were generated for pure water, for water with low (SPM 1 gm ) concentrations, and permutations of low and high concentrations for the three substances (so one substance with a low and two with a high concentration, or two with a low and one with a high concentration), leading to a total of nine endmembers (Table 1 ; Fig. 1 ) for nine wavelengths that correspond to the MERIS visual spectral bands. Therefore, in Eq. 4, n=4. Note that endmembers were not generated at the maximum [Chl a],
[SPM] and a CDOM occurring in the Wadden Sea, because extreme high concentrations would deform the spectrum. Meanwhile, creating endmembers based on '100% concentrations' is not possible for solutions in water.
Testing the endmember model
After generation of the endmembers their performance was examined. Firstly, the model was run with in situ measured reflectance spectra as input; subsequently the model was applied to MERIS data. The performance of the endmember model with MERIS data as input was evaluated by examining its abilities to visualise well-known spatial, seasonal, tidal and weather related variations of optical properties) in the Wadden Sea.
The endmember model was evaluated, first by comparing the spectral shape of the endmembers with in situ measured reflectance spectra. Next, the in situ measured reflectance data were unmixed and the derived abundances were compared with the simultaneously measured concentrations of Chl a, SPM and CDOM. Finally, various MERIS images were used as model input and the ability of the model to visualise wellknown spatial, seasonal, tidal and weather related patterns in the Wadden Sea and adjacent North Sea was assessed. RMSE values were plotted for each unmixed MERIS image.
The overpass of MERIS is-at these latitudes-about twice every three days and are therefore very suitable for monitoring (e.g. Van der Wal et al., 2010) . For summer, with clear weather conditions, two or three images of the whole area are available per week. In winter, with bad weather conditions, images usually contain (spotted) clouds, so that subsequent acquisition for one specific location might take some weeks to occur. However, spatial, seasonal and weather related variability become easily visible. Analyses of variations over the tidal cycle is more difficult, as each MERIS pass takes place at approximately the same time (10 am UTC). Visualisation of effects of tidal Table 2 Results of unmixing in situ measured reflectance data
The table presents in situ concentrations and derived endmember abundances. Due to space restraints, not all the data of the 132 spectra were presented. Data were listed in order of sampling time and data of every 3rd station is presented. Grey shading for abundances >0, dark grey shading for abundances >0.25 changes on water classes requires MERIS images acquired at various moments in the tidal cycle and therefore images of several weeks, obtained under similar conditions.
To analyse the vulnerability of the endmember model to small changes in endmembers, we re-generated the endmembers based on 10% higher concentrations of each substance (Eqs. 6 and 7), for the low concentrations as well as for the high concentrations. With this alternative set of endmembers, the model was run again on the in situ obtained TriOS refectances. The resulting abundances were compared with the abundances as derived with the original endmember set.
Results and discussion
Validation of the endmembers and the model
The coverage of the endmember model, relative to the in situ measured reflectances is shown in Fig. 2 . The reflectances of the simulated endmembers with the lowest values were lower than any of the measured spectra, while the reflectances of the endmembers with the highest values were higher than almost all in situ measured spectra (Fig. 2) , indicating suitable endmembers for this area. However, the endmembers with the highest reflectances have a somewhat different reflectance in the last band (708 nm) than the in situ spectra with the highest reflectances. This could be due to other SIOPs for SPM at these in situ stations than the median value that was used to generate the endmembers. The discrepancies are not too large: such a spectrum will still be unmixed with the most suitable endmembers and the abundance results will be minimally influenced. The high coverage of the endmembers at 412 nm is due to the pure- ). The flagged line is an error caused by the first version of the ICOL processor water endmember. Although spectra with very low concentrations (and therefore high reflectance in the blue wavelengths) were missing in our in situ set, such an endmember was necessary to unmix spectra at locations with very low concentrations in the German Bight.
Abundances derived from unmixing in situ measured spectra were compared with the in situ data of [Chl] , [SPM] and a CDOM in Table 2 . Abundances of endmembers were consistent with total and relative concentrations of the three substances. It seems that the low-concentrations endmember functioned as a basis, as it was present with significant abundances in almost all unmixing results. This endmember was usually found in combination with one and sometimes two other endmembers at higher abundances (>0.25) and two endmembers at low abundances (<0.25). The results show a correlation between high abundances of the endmembers dominated by [Chl] , [SPM] or a CDOM , and a relatively high concentration for that substance -in comparison to the concentrations of the other two substances. At stations where concentrations are (relatively) comparable, the SPM-dominated endmember has the highest abundance. The last remark is in agreement with general knowledge of the influence of SPM and its spectral signature (e.g. Lubac and Loisel 2007 High abundances (0.5 to 0.9) of the SPM-Chl-dominated endmember were found at the innermost locations of the Wadden Sea and in sheltered areas behind the islands (Fig. 3 ). This agrees with the trend of much higher concentrations of all three substances in the Wadden Sea than in the North Sea (Hommersom et al. 2009 ). The basic lowconcentrations endmember showed its highest abundances in the North Sea, in winter covering most of the German Bight (Fig. 4a) , while in spring and summer its area was reduced (Fig. 4b) in favour of the CDOM-dominated, CDOM-Chldominated and Chl-dominated endmembers (e.g. Fig. 5 ). The pure water endmember had low abundances (maximum, 0.5; generally, 0.2 or 0.3) at the most offshore locations (∼>53.5°N,<5.5°E) in almost every image (not shown). Only in winter was this endmember spread over the German Bight with abundances reaching maximum values of 0.2.
As expected, a gradient was found in Ems-Dollard estuary ( ( Fig. 6a) , via SPM-Chl-dominated water in the inner estuary (Fig. 6b) to high abundances for the low concentrations endmember in the outer estuary (Fig. 6c) . In spring, because of phytoplankton blooms (e.g. Cadée 1980), outside the estuary the Chl-dominated endmember was found (Fig. 6d ). This spatial trend is similar to the trend found by Magnuson et al. (2004) Four images, acquired in June and July 2006, with calm weather (average daily wind conditions over the days of acquisition of the four images ranging 2.9-6.1 ms −1 , wind direction north-east to south-east) were selected to analyse tidal changes. With these four images half of the tidal cycle was covered. As the tide varies over the area, the part of the cycle that was covered depends on the location (e.g. for the area near Den Helder the images cover high water (HW) to low water (LW)). The expectation was to find higher influence of SPM about 2 h before slack tide, due to tidal currents (Hommersom et al. 2009; Poremba et al. 1999 , Postma 1982 . Fig. 7a-d shows the abundances of the SPM-Chl-dominated endmember, which was the most representative endmember in the Wadden Sea in the four selected images. Indeed, over the examined part of the tidal cycle the following trends in the abundances of the SPMChl-dominated endmember were visible ( Fig. 7a-d The circles represent the areas of red, Den Helder (DH; the narrow channel); green, the eastern Dutch Wadden Sea (EDWS); yellow, Ems estuary/area near island Borkum (EB); and blue, the East-Frysian Wadden Sea (EFWS, Germany). Tides were (HW high water, LW low water): a DH∼HW; EDWS, ∼2.5 h after LW; EB, ∼2 h after LW; EFWS, ∼1.5 h after LW. b DH∼ just after HW; EDWS, ∼1.5 h before HW; EB, ∼2.5 h before HW; EFWS, ∼3 h before HW. c DH ∼1.5 h before LW; EDWS, ∼1 h after HW; EB, ∼0.5 h after LW; EFWS, ∼just after HW. d DH∼LW; EDWS, ∼2 h before LW; EB, ∼3 h before LW; EFWS, ∼2.5 h after HW Wadden Sea and SPM and benthic algae have had the time to settle out (Den Helder, Fig. 7b ; the East Frisian Wadden Sea, Fig. 7c ). -Abundances increased during ebb tide (Den Helder, Fig. 7c ; Eastern Dutch Wadden Sea, Fig. 7d ; Ems estuary/area near island Borkum, Fig. 7d ; East Frisian Wadden Sea, Fig. 7d ). -At LW and the first hour(s) after, large percentages of the surface were covered with surfacing tidal flats. Abundances in the surrounding water were similar to or lower than during ebb (East Frisian Wadden Sea, Fig. 7a ; near Den Helder, Fig. 7d ). This makes sense, as SPM and benthic algae will be subject to sedimentation in the calm water. -The highest abundances were seen during flood, about 2.5 h before HW (Eastern Dutch Wadden Sea, Figs. 7a, b; Ems estuary/area near island Borkum, Fig. 7b ).
Seasonal changes became visible in the abundances as well. In winter, the abundances of the CDOM-dominated, CDOM-Chl-dominated and Chl-dominated endmember were reduced to zero, while the abundances of the SPMdominated endmember were relatively high compared with summer (Fig. 8 ). This could be explained by higher SPMresuspension because of the windier weather (e.g. Lemke et al. 2009; Grossart et al. 2004 ) and a lack of benthic organisms that stabilise the sediment (Austen et al. 1999) . (Fig. 5) . The bloom drifted in the direction of the residual current in the German Bight (Postma 1982) . Unfortunately, May 2007 was very cloudy so that this bloom could not be followed further.
Wind induced resuspension, as seen by for example Stanev et al. (2009) and Badewien et al. (2009) , became visible through high abundances of the SPM-Chldominated endmember (Fig. 9a, b) and the SPMdominated endmember (Fig. 10a, b) in the Wadden Sea and on the outer side of the islands. Abundances of these endmembers were much lower during calm weather (Fig. 3) . The south-westerly wind at December 10th 2006 had apparently blown relatively clear North Sea water into the western Dutch Wadden Sea (low abundances of the SPM-Chl-dominated endmember), while resuspension (due to wind waves and/or tide against wind) caused relatively high abundances of the SPM-Chl-dominated and SPMdominated endmembers in the rest of the Wadden Sea, and north of the Dutch and western German islands (Figs. 9a  and 10a) . Waves reach the bottom at shallow locations, including the tidal flats, while at other locations mixing increases. As the Wadden Sea is always well mixed (Postma, 1982) , due to tidal changes, water masses of shallow and deep locations easily mix, so resuspended matter can move over relatively large areas. (Fig. 9b) . The wind-wave-induced mixing kept the sediment in the EastAnglian plume (Eleveld et al. 2008; Doerffer and Fischer 1994) in suspension, which is visible as high abundances of the SPM-Chl-dominated and the SPM-dominated endmembers in the image of March 25th, north of 54.5°N and west of 6°E (Figs. 9b and 10b) . ; December 8th-11th had the lowest wind speeds). This image could not be processed with the ICOL processor. b North-north-easterly wind, illustrated with the image of image March 25th 2007, after 5 days strong wind (daily average wind, 10.9-13.8 ms Early in July 2006, a patch with a high abundance of the SPM-dominated endmember was seen north-west of the Danish islands (Fig. 11a) , indicating high SPM, or at least high reflectances. Also the pure-water endmember was elevated. The shape and location of the patch, the low-wind conditions of July 3rd and the combination with the pure-water endmember reveal that the patch could not be caused by resuspension and the high reflectances would possibly be caused by something else than SPM. Elevated RMSE values in the patch (Fig. 11b) suggest the MERIS spectra had a shape that was not well covered by the spectral shapes of the endmembers: the patch was a novelty (Schiller et al. 2007 ). It could be a coccolith bloom, as these algae cause a high reflection and have a distinct specific absorption spectrum. This explanation was supported by the presence of an elevated biomass of prymnesiophytes (coccoliths) found by the Danish National Environmental Monitoring Institute (NERI: www.dmu.dk/International/Water/MarineMonitoring/MADS) at the nearest in situ station in the first 2 weeks of July 2006. The spectral shape of the reflectances in the patch showed high similarities with the bloom found by a b Fig. 10 Same as Fig. 9 , now presenting the abundance of the SPMdominated endmember a a Fig. 11 Abundance of the SPM-dominated endmember, July 3rd 2006 Schiller et al. (2007) ; the high blue-green ratios explains why the pure-water endmember had high abundances.
Tidal flat detection would in principle be possible as well with the presented unmixing method. To do this, a 'tidal flat'-endmember should be included. But unfortunately, the neural network of the C2R processor was not trained for land or tidal flat data, and all pixels at land or tidal flat are flagged with the RAD_ERR flag, which means that the reflection at the top of the atmosphere was invalid and reflectances should not be trusted. The C2R level-2 product used in this study indeed showed unrealistically low values at tidal flats and land, so that unmixing did not give high abundances for a tidal flat endmember for these pixels. As an alternative, standard MERIS level-2 data were tested, but it was found that they often have negative values in the blue wavelengths or showed unrealistic spectral shapes in near-coastal waters. Therefore, this data have not been used as modelling input.
Uncertainty
Changes in concentration settings during endmember generation were found to lead to small changes in endmember abundances. As shown in Fig. 12 , changes in concentrations of 10% during endmember generations resulted in almost 1:1 correlations of abundances, shown for the low-concentrations endmember and the SPM-Chl-dominated endmember. The expectation is that the model is also relatively invulnerable for small changes in shape of the SIOPs (a* Chl , a* SPM , a* CDOM , and b* SPM ) used in the Gordon model.
The RMSE data presented in Appendix 4 show that RMSE values are generally <0.005 and always <0.01. As the modelled abundances are presented on a scale from 0 to 1 with steps of 0.1, the error is always <10% relative to the results. Appendix 4 also shows that the shape of the RMSE does not follow patterns in abundances of certain endmembers.
It appeared that ICOL (first version) processing failed for some images. Out of 32 selected images, two images acquired in winter 2006 (Jan 16th and Dec 10th) could not be processed due to an unknown reason. As images without too much cloud cover were scarce, these two were still used with only C2R processing. Since ICOL compensates for the adjacency effect, the influence of ICOL is significant in water pixels nearby land covered with vegetation. Our experience is that ICOL has a large influence on MERIS data processed with the standard MERIS processor, but the effect is negligible for most of the Wadden Sea when images are processed with the C2R processor. This could be explained by the fact that MERIS standard level 2 atmospheric correction relies for a large part on observed reflectances in the near infrared, the part of the spectrum which is most heavily influence by the adjacency effect. C2R on the other hand uses a neural network that uses all spectral bands. Influence of ICOL on C2R data is expected in the inner parts of the Ems estuary (Dollard) and in the pixels bordering the coast.
Conclusions
A method was developed for water classification and monitoring by means of fully constrained unmixing of (MERIS) reflectance spectra. The model can be applied to a broad range of coastal areas and easily be adapted to areas a b Fig. 12 Results of the error analysis. a The horizontal axis represents the abundance of the low-concentrations endmember is shown endmember obtained with processing the in situ reflectances (as in Table 2 ). The vertical axis represents the abundance of the same endmember, obtained after processing the same TriOS data with a model in which all endmembers were generated with 10% higher concentrations for all three substances. b Same as for (a), now for the Chl-SPM-dominated endmember with different SIOPs. It can be used to monitor water quality in surface water (Chl, SPM and CDOM) and study changes in time and space. Advantage of this type of model over other classification models is its fuzziness, which is better suited to visualise degradation, settling and mixing of (substances in) water masses than other classification models.
A disadvantage of the presented model, as compared with models that retrieve concentrations, is that abundances (based on IOPs) are only approximately related to absolute concentrations, as the effects of Chl a, SPM and CDOM concentrations on reflectance spectra are non-linear. However, monitoring requires an objective and standardised technique, which allows comparison of data of one place or moment to that of next day, or to that of another location. This objective is achieved with the presented endmember model. The variations in retrieved in water classes were in agreement with expected spatial-, tidal-, seasonal-and wind-related variations.
A coccolith bloom was identified as a novelty by a combination of high reflectance values and a high RMSE at a location where this was not expected. An extra 'coccolith' endmember might be included to directly identify such blooms. For application to other ocean colour sensors (with enough spectral bands to distinguish Chl a and SPM absorption) or locations with different SIOPs, the endmembers need to be re-simulated. Simulation of a new set of endmembers is easier than acquiring local SIOP sets or recalibrating semi-empirical models as it requires only a few in situ measurements of the specific absorption and scattering properties. (Santer and Zagolski 2009) . Next, the data were processed with the Case-2 Regional processor (C2R) for atmospheric correction Schiller 2006a, 2006b ). The ICOL and C2R processors apply their own land, cloud and quality flags (Santer and Zagolski 2009; Doerffer and Peters 2006) . The standard C2R land flag was tightened to 'toa_reflec_10>toa_reflec_6' (which means that data are flagged as land if the Top Of the Atmosphere ('TOA') reflection is larger at band 10 than at band 6). Cloud flagging was done with the L1 flags, because the tightened C2R-land flag sometimes misinterpreted clouds as land. Pixels with one or more raised C2R quality flags (RAD_ERR (radiance error), TOSA_OOR (top of standard atmosphere out of range), WLR_OOR (water-leaving radiance out of range) and ATC_OOR (atmospheric correction out of range)) were not used as input for the endmember model. MERIS images with low cloud cover over the Wadden Sea were selected from the years 2006 and 2007.
Appendix 2-endmember selection
The selection of a pure set of endmembers is an important part of the unmixing model. endmembers can be derived from in situ ground truth measurements or from images with several methods, for example: & Manual selection, based on expert knowledge. This method is fast and easy, however, it is not objective. Another problem is that all endmembers should be available in the database. The study of Martin Traykovski and Sosik (2003) used expert knowledge to define their classes, although these were not used for endmember modelling. & Pure pixel method. All pixels of an image are placed in a scatter plot with on both axes a wavelength. This is repeated while varying the wavelengths. Spectra that occur most often at the outer places of the scatter plots are selected as endmembers. This method is objective, however, in sea (almost) no pure spectra can be found, and endmembers defined with this method will vary per image, season etc. The study of Tyler et al. (2005) selects endmembers with this method; Zortea and Plaza (2009) present an improved pure pixel method for land remote sensing data. & Classification (for example with K-means clustering).
This method is also objective; however, although the cluster centres represent water classes, they do not represent extremes and therefore not endmembers. Tests for the current study indicated that clustering was mainly driven by SPM. Lubac and Loisel (2007) already mentioned that particle backscattering is the prime parameter for the spectral shape. Jianguang et al. (2007) reduced this problem by using a normalised and a differentiated spectrum. The disadvantage of this method is that these transformations reduce the possibilities to monitor water classes dominated by SPM. & Distance analysis. In contrast to classification, this method will identify the outer points as endmembers. However, when more pixels or measurements are available representing an extreme, they are, compared with each other, not seen as extremes anymore. & Simulation of 'pure' spectra. Another objective method, however, the simulations require a model and prior knowledge, or assumptions about the optical properties in the area (Appendix 3).
An endmember model can be run with more or with less endmembers than the number of spectral bands. However, with more endmembers the model is over determined; there is not one unique solution and the vulnerability for ambiguity increases.
An endmember model can theoretically be run without constrains (Eqs. 2 and 3). However, tests with unconstrained linear unmixing were found to lead to high ambiguity and unrealistic combinations of positive and negative abundances. Also abundances higher than 100% were found in these tests. For example, a reflectance spectrum with a high reflection should obviously be unmixed with a high abundance of the SPM-dominated endmember, as SPM is the substance causing high reflection. However, when the abundances are not forced to sum to one, the model could also provide 500% of (low reflecting) CDOM-endmember as a solution, which does not make any scientific sense. To avoid such problems, a linear fully constrained method was applied. Fig. 7 . RMSEs of the image of July 3rd can be found in Fig. 11 , RMSE of the image of June 30th can be found in Fig. 14. Presented here is the a RMSE of the image of July 11th and the b RMSE of the image of June 8th Fig. 18 RMSE of the data presented in Fig. 8 . RMSE of the image of January 16th can be found in Fig. 14a . Presented here is the RMSE of the image of June 30th 2006
